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ABSTRACT 
 
In this thesis, heat and moisture transfer between supply and exhaust air streams are 
investigated for a run-around system in which the coupling material is a desiccant coated 
solid that is transported between two exchangers. The finite volume method is used to 
solve the governing partial differential equations of the cross-flow heat exchangers in 
the supply and exhaust ducts. The outlet air properties are calculated for several inlet air 
operating conditions and desiccant properties. The accuracy of the heat transfer model is 
verified by comparing the simulations with well-known theoretical solutions for a single 
cross flow heat exchanger and a liquid coupled run-around system. The difference 
between the analytical predictions and the numerical model for sensible effectiveness for 
each exchanger and the run-around system were found to be less than 1% over a range 
of operating conditions. The model is also verified by modifying the boundary 
conditions to represent a counter flow energy wheel and comparing the calculated 
sensible, latent, and total effectiveness values with correlations in the literature.  
 
Using the verified model for energy exchangers and the run-around energy recovery 
system, the sensible, latent and overall effectiveness are investigated in each exchanger 
and the run-around system during simultaneous heat and moisture transfer. The overall 
effectiveness of the run-around energy recovery system is dependent on the air flow rate, 
the solid desiccant flow rate, the desiccant properties, specific surface area, the size of 
each exchanger, and the inlet air operating conditions. The run-around system can 
achieve a high overall effectiveness when the flow rates and exchanger’s properties are 
 iv
properly chosen. Comparisons between the solid desiccant and salt solution run-around 
system effectiveness (Fan, 2005 and Fan et al, 2006) shows they are in good agreement. 
In a sensitivity study, the thickness of desiccant on the fibre is investigated in the solid 
run-around system. It was found that good performance is obtained with very thin 
desiccant coatings (1 or 2 mµ ). During the practical use of this system, a desiccant 
coated fibre could be inserted into very porous balls or cages that protect the desiccant 
coated fiber from mechanical wear. The performance sensitivity for this kind of run-
around system is demonstrated.  
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Chapter 1                                                          
INTRODUCTION 
 
1.1 Introduction 
 
People in air conditioned rooms will be dissatisfied if there is not enough fresh air 
supply or the fresh air is not conditioned to meet comfort conditions in the space. The 
ASHRAE standard for the outside fresh air ventilation rate in a building specifies the 
outdoor ventilation rates required for good indoor air quality (IAQ) in occupied rooms. 
Typically, the higher the ventilation rate, the better the IAQ. However, as the air 
ventilation rate increases, the heating and cooling loads also increase. This means that 
the HVAC system will need more energy to maintain comfortable conditions in the 
building. The capacity of the HVAC equipment including boilers, chillers, and pumps 
needs to be enlarged to satisfy the increased load, and at the same time, the size of the 
pipes and valves, and amount of insulation material needs to increase. The total 
investment for the HVAC system will be increased, and the operating cost will be higher 
than that of a low ventilation rate system. 
 
In order to save energy and improve IAQ for building occupants, HVAC engineers have 
used several types of heat and moisture recovery devices in their designs. Sensible heat 
transfer is caused by a temperature difference, and latent heat transfer is caused by a 
 2
humidity difference. The devices for only sensible heat transfer are heat pipes, air-to-air 
cross-flow plate (e.g., metal or plastic) heat exchangers, and run-around heat recovery 
systems using a coupling fluid (ASHRAE, 2004). The devices which can recover heat 
and moisture are energy wheels and air-to-air cross-flow membrane (e.g., vapour 
permeable membranes or paper) energy exchangers. Energy wheels and cross-flow plate 
enthalpy exchangers can transfer heat and moisture between the supply and exhaust air 
streams.  
 
All energy exchangers reduce the energy use and required capacity of the HVAC 
system, but they have different disadvantages. Heat pipes and air-to-air cross-flow plate 
heat exchangers only transfer sensible heat and do not transfer moisture. In addition, the 
supply and exhaust ducts must be side-by-side, and as a result, the fresh air may be 
contaminated by the exhaust air. Although the run-around heat recovery system does not 
need the supply duct and exhaust duct to be installed side-by-side, it does not usually 
have moisture transfer.  
 
The energy wheel and air-to-air cross-flow membrane energy exchangers transfer 
moisture, but the supply and exhaust ducts must be in the same location. As a result, 
their use in retrofit applications is limited and the fresh air entering the building space 
may be contaminated by the exhaust air. Fan (2005) and Fan et al. (2006) simulated a 
run-around heat and moisture recovery system. An aqueous desiccant salt solution was 
used in this system to permit heat and moisture transfer between two cross-flow semi-
permeable plate exchangers. With this system, the supply and exhaust ducts are not 
required to be at the same location. Although a run-around energy recovery system using 
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a liquid desiccant is promising, and has many practical advantages, it may be possible to 
also use a solid desiccant to transfer heat and moisture in a run-around system. There has 
been no research on a run-around system using a solid desiccant to transfer heat and 
moisture between separated air streams, so such a system will be the focus of the thesis. 
 
The proposed run-around system using a porous solid desiccant ball bed provides heat 
and moisture transfer between the supply air stream and exhaust air stream, and the air 
ducts can be in different locations to reduce the possibility of cross contamination. This 
energy recovery system is shown in Figure 1.1 and features the flow of a bed of porous 
balls and air through the exchangers. Heat and moisture are exchanged between the air 
streams and the porous balls in each exchanger. In this closed loop system, the solid 
particles which exit the exhaust air exchanger are conveyed to the inlet of the supply air 
exchanger.  Similarly the outlet particles that flow from the supply exchanger are 
conveyed to the inlet of the exhaust air exchanger. It is not the purpose of this research 
to design this conveyor system; rather, it is assumed that this conveyor system exists and 
is adiabatic and impervious to water vapour transfer. It is not necessary to worry about 
the water solution leakage as in the liquid system. The solid balls move slowly so that 
maintenance personnel can change damaged balls even when the system is operating. 
 
The purpose for this research is to develop a numerical model for this new device, to 
validate it and verify its accuracy using information from the literature and sensitivity 
studies. It is especially important to validate the accuracy of the moisture transfer model, 
which will be done by comparing the numerical results from a liquid run-around energy 
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Figure 1.1 The run-around system with porous balls filled with desiccant coated fiber 
glass moving between supply and exhaust exchangers. 
 
system Fan (2005) and effectiveness correlations for energy wheels (Simonson & 
Besant, 1999). The model can then be applied to determine the effectiveness of the run-
around system for different climate conditions, air flow rates, exchanger sizes, and 
fractions of silica gel inside the ball.  
 
1.2 Literature Review 
 
Many research papers have been published on topics related to this thesis: single flat-
plate heat exchangers, sensible heat transfer run-around systems, enthalpy transfer run-
around systems with liquid desiccant solution, energy wheels, convection coefficients 
and air pressure drop through porous media. The section provides a brief review of these 
topics. 
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1.2.1 Single Flat-plate Heat Exchanger 
 
Mason (1955) obtained the analytical solution for a cross-flow plate heat exchanger by 
using Laplace transforms. The effectiveness correlation for a cross-flow plate heat 
exchangers is presented in Kays and London (1984).  
 
1.2.2 Single Flat-plate Heat and Moisture Exchanger 
 
Enthalpy exchangers can transfer sensible heat and moisture between the supply and 
exhaust air streams through water vapor permeable membranes. Niu and Zhang (2001) 
developed a mathematical model for a cross-flow air-to-air enthalpy exchanger with 
hydrophilic membrane cores, and solved the equations by using a finite volume method. 
The sensible, latent, and total effectiveness were presented for different operating 
conditions, and different vapor permeability of the membrane. 
 
1.2.3 Run-around Heat Exchanger 
 
The run-around heat recovery system, using coupled liquid flowing between the supply 
and exhaust exchangers, is very reliable and flexible in application. Kays and London 
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(1951) found that the peak sensible effectiveness for the run-around system can be 
obtained when the heat capacity rate of air is same as that of the coupling liquid. 
 
Forsyth and Besant (1988a, 1988b) used a numerical optimization technique to analyze 
the design of a run-around heat transfer system with two coils. The simulated results 
were very similar to the measured data. Based on the research of Forsyth and Besant, 
Zeng et al. (1992) found that the temperature dependent properties of aqueous glycol 
should be included in the system analysis when the temperature difference between the 
supply and exhaust inlet is large, and the Reynolds number is low. 
 
1.2.4 Air Flow through Silica Gel Bed 
 
Sun (2003) developed a one-dimensional theoretical/numerical model to simulate the 
process of heat and moisture adsorption during transient flow of humid air passing 
through a silica gel particle bed. The numerical results were compared with the 
experiment data by measuring the air outlet temperature, relative humidity and moisture 
accumulation inside the silica gel bed. The results showed that silica gel has a very high 
moisture adsorption capacity, and a large amount of heat is released during the moisture 
adsorption.   
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1.2.5 Energy Wheels 
 
Simonson and Besant (1998) developed a numerical model for simulating the sensible, 
latent, and total effectivenesses of energy wheels. It was found that the effectiveness is 
strongly dependent on the operating temperature and relative humidity, and accurate 
effectiveness correlations were developed for an energy wheel operating under different 
operating conditions. The effectiveness correlations were based on over 600 simulation 
data points and have an uncertainty of less than 2.5%. It was observed that even though 
the wheel matrix is cooler than the air, the air temperature can increase as it flows 
through the wheel if the phase energy released due to moisture accumulation in the 
matrix is larger than the heat transferred from the air to the matrix by convection. 
 
1.2.6 Run-around System with Liquid Desiccant Solution 
 
Fan (2005) and Fan et al. (2006) studied a run-around heat and moisture recovery system 
comprised of two liquid-to-air heat and moisture exchangers. The coupling fluid was a 
liquid desiccant (e.g. aqueous LiBr or LiCl solutions) and can transfer heat and moisture 
between the supply and exhaust exchangers. The liquid circulating pump can adjust the 
flow rate of the salt solution to control the heat and moisture transfer rate. The numerical 
model for a run-around system with two sensible heat exchangers was developed, and 
validated by using data from the published literature. Based on this, a numerical model 
of the run-around heat and moisture recovery system was developed using only basic 
physical and chemical principles, component properties and operating conditions. The 
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results show that, for a specific Ntu, the maximum effectiveness occurs at a heat 
capacity ratio equal to 1 for the sensible run-around heat recovery system, and at heat 
capacity ratio of 3 ( 3/ =gsol CC ) for the heat and moisture run-around system operating 
at ARI summer and winter operating conditions (ARI, 2005). It was also found that the 
peak effectiveness increases with Ntu. 
 
1.2.7 Pressure Drop through Porous Media 
 
Dullien (1992) showed that the pressure drop in a fibrous bed can be calculated as a 
function of the flow rate by using the Ergun (1952) equation, when the flow rates are 
outside the range of validity of Darcy’s law, i.e. Re larges than 10. The Ergun equation 
is suitable to calculate the air pressure drop through a porous bed with relative uniform 
porosity, but the pressure drop through moving porous balls cannot be used due to the 
empty space between the balls. 
 
1.3 Objectives 
 
The overall goal of this research is to develop and verify a numerical model of a run-
around energy recovery system using cross-flow exchangers with solid desiccant 
particles as the thermal energy and moisture run-around component, and then use the 
model to study a new device in an HVAC application. The goal is to determine the 
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properties of the run-around system (e.g. exchanger size and thickness of the desiccant 
coating) that will ensure that the system has a good performance in application.  
 
The specific objectives are as follows: 
 
1. Develop a numerical model to simulate a run-around heat and moisture transfer 
system, which includes supply air stream, exhaust air stream, and the moving porous 
desiccant coated solid between the two exchangers. 
 
2. Validate the model with well-known theoretical solutions for a single cross flow 
heat exchanger, a run-around heat transfer system, and an energy wheel with heat 
and moisture transfer. 
 
3. Find the thermal transfer properties and characteristics to achieve a high overall 
effectiveness for a single heat exchanger and run-around heat transfer system. 
 
4. Find the thermal and moisture transfer properties and characteristics to achieve a 
high overall effectiveness for a run-around heat and moisture transfer system under 
ARI summer and winter operating conditions (ARI, 2005). Compare the results from 
the simulation with those from a salt solution run-around system (Fan, 2005) to 
further validate the accuracy of the model. 
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5. Determine the optimum operating conditions for maximum energy savings for 
different solid desiccant properties and investigate various desiccant thicknesses to 
get the coating information for future manufacturing. 
 
1.4 Thesis Overview 
 
A numerical model of heat and moisture transfer exchangers coupled in a run-around 
system is developed in Chapter 2.  The governing equations are formulated based on 
energy and mass conservation and discretized using the finite volume method. The 
sensible, latent and total effectivenesses of a single exchanger and a run-around system 
are defined in this chapter. 
 
The model is verified by comparing it with well-known theoretical solutions in Chapter 
3. These comparisons include: a single exchanger with heat transfer only, a run-around 
system with heat transfer only, and an energy wheel. 
 
The simulated results from the numerical model are presented in Chapter 4. The results 
for a run-around system with heat transfer only are illustrated first, then a single 
exchanger with heat and moisture transfer, and finally the run-around exchanger with 
heat and moisture transfer including a sensitivity study on the thickness of desiccant 
coating. 
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In Chapter 5, a numerical sensitivity study is performed by varying key parameters, such 
as Ntu, air velocity, silica gel fraction, and other variable for a moving porous ball 
system. 
 
Chapter 6 provides a summary and the conclusions from this research, as well as the 
recommended future work. 
  
 
 
12  
Chapter 2  
NUMERICAL MODEL 
 
2.1 Introduction 
 
In this chapter, the numerical model for the run-around system with two heat and 
moisture exchangers is developed. Governing equations, boundary conditions and 
operating conditions are established to describe this two-dimensional problem. The finite 
volume method is used to discretize the governing partial differential equations.  
 
2.2 Flow and Exchanger Configuration 
 
The exchangers shown in Figure 2.1 feature the flow of a porous bed across the 
exchangers which are arranged in cross-flow. The system has an operating configuration 
as shown in Figure 1.1, except the porous media is distributed uniformly inside the 
whole porous bed rather than only inside balls.  
 
2.2.1 Structure of Each Exchanger 
 
The particle bed, which is a porous material coated with a desiccant, is assumed to move 
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Figure 2.1 Schematic diagram of a run-around energy recovery system with solid 
desiccant as the coupling medium. 
 
with a uniform and constant velocity through each exchanger. The material in the 
moving bed could be a very porous fibre glass coated with a desiccant coating as shown 
in Figure 2.2. With hot and humid supply air conditions, the desiccant coated fibres gain 
heat and moisture from the supply air in the supply exchanger so that the supply air is 
cooled and dehumidified. The porous material leaving the supply exchanger is 
mechanically conveyed to the exhaust exchanger where it is regenerated by the exhaust 
air flow. 
 
2.2.2 Silica Gel Properties 
 
The desiccant material could be silica gel or any material with a high affinity for water. 
  
 
 
14  
 
Figure 2.2 Schematic diagram of air-to-solid desiccant cross flow heat exchanger. 
 
Silica gel has a solid structure with an average specific pore volume of about 0.82 cm3/g 
(Sun, 2003). It is composed of silicon dioxide (SiO2) and has a high internal surface 
area, up to 800 m2/g, giving it a high moisture adsorption capacity. However, the internal 
surface area may not be available for sorption processes in exchangers that rapidly 
switch the desiccant between the supply side and exhaust side because the water vapour 
diffuses very slowly inside particle. During the moisture adsorption process, latent heat 
is released; and during the desorption process, energy is required to desorb the adsorbed 
water. 
 
Sun et al. (2005) measured the equilibrium sorption isotherm of silica gel. A correlation 
for equilibrium relative humidity (φ ) based on the moisture content of the dry desiccant 
(U ) was developed as follows: 
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2
321 UAUAUAUAUAUAUAA +++++++=φ                         (2.1) 
where, A1=-0.0040791013 
            A2=5.7635539 
            A3=-12.934021 
            A4=66.765676 
            A5=-512.87559 
            A6=815.04053 
A7=842.23156 
A8=495.99532 
 
In the latent effectiveness calculations, another correlation for equilibrium moisture 
content based on relative humidity is obtained by inverting equation (2.1): 
 
7
8
6
7
5
6
4
5
3
4
2
321 φφφφφφφ BBBBBBBBU +++++++=    (2.2) 
where, B1=5.0984329e-5 
B2=0.24823428 
B3=-1.2483947 
B4=11.414806 
B5=-48.148515 
B6=97.758549 
B7=-90.571667 
B8=30.869368 
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2.3 Governing Equations 
 
In the moving bed exchanger, there is heat and moisture transfer between the solid and 
air and it is assumed that the adsorbed water has the same temperature as the solid (local 
thermal equilibrium). The local volume averaging technique is used to establish the 
basic governing equation for conservation of energy and mass. For the differential 
control volume, there are two energy conservation equations: one for the air component, 
and another for the solid and adsorbed water component. There are also two mass 
conservation equations: one for vapour transfer, and another for water continuity on the 
surface of the desiccant. The resulting governing equations for heat and moisture 
transfer are based on the assumption that the porous bed is homogeneous and isotropic 
(Kaviany, 1991). The major assumptions are: 
 
1. the energy released during adsorption is delivered to the solid phase and the 
energy required for desorption comes from the solid phase; 
2. thermal and mass dispersion in the porous medium are negligible; 
3. hysteresis in the sorption isotherm and the heats of sorption for the desiccant 
coating are assumed negligible; 
4. the transport of the moisture within the desiccant due to capillary motion is 
negligible; 
5. the desiccant coated fibre forms a rigid porous medium with constant porosity 
and specific surface area for heat and moisture transfer between the air and the 
moving porous bed; 
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6. the porous media is homogeneous with properties that may be assumed to be 
constant for individual phases (except for gaseous densities); 
7. the gas phase is assumed to be an ideal gas mixture; 
8. the pressure drop across the exchanger does not result in a significant change in 
the absolute pressure or air density; and 
9. the inlet conditions of the air and the porous bed are uniform unless otherwise 
specified. 
 
2.3.1 Equations 
 
For air flow in the x direction and particle flow in the y direction, the energy equation 
for air flow is: 
 
( ) ( )
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 (2.3)       
 
where subscript g refers to the gas phase properties and subscript sl refers to the 
properties of the solid + absorbed phase. The symbols for this equation and those that 
follow are defined in the nomenclature. 
 
For solid particle and liquid (adsorbed phase of water), the energy equation is: 
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where it is assumed that the phase change energy is delivered to or obtained from the 
solid phase rather than the gas phase (Simonson and Besant, 1997). 
 
The mass transfer equation for the water vapour flow is: 
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where, 
       τ
ε vg
effv
D
D =,  (2.6) 
 
The liquid phase continuity equation for adsorbed water on the desiccant coating is: 
 
0=+∂
∂+∂
∂ m
y
u
t
l
sll
l
l &
ερερ     (2.7) 
 
The volumetric continuity equation is: 
 
1=++ gls εεε  (2.8) 
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2.3.2 Convective Heat Transfer Coefficient  
 
The convective heat transfer coefficient (hgsl) between the flowing air and the fibre 
surface is an important parameter that must be known to calculate the effectiveness of 
the exchanger. Travkin et al. (2001) compared the dimensionless heat transfer 
coefficients (Nusselt Number (Nu)) for flow in porous media from different research 
studies and found that there was reasonable agreement between the correlations by Kays 
and London (1984), Achenbach (1995), and Kokorev et al. (1987). The result from 
Gortyshov et al. (1987) shows that Nu for flow through a high porosity medium is about 
half of that from Kays and London (1984). In this simulation, the correlation for Nu 
from Gortyshov et al. (1987) is used, because it gives a more conservative estimate. The 
relationship of Gortyshov et al. (1987) is: 
 
 3/155.0 PrRe7.0=Nu         (2.9) 
 
h
air
gsl D
NuKh =  (2.10) 
 
µ
ghGD=Re     (2.11) 
 
   
v
g
h S
D
ε4=    (2.12) 
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g
g
k
Cpµ=Pr     (2.13) 
 
  
g
gg
g
u
G ε
ρ=    (2.14) 
 
where, gslh  is convection coefficient between the air and the solid; gG  is the mass 
velocity;  Re is the Reynolds number for air in the bed; and hD  is the hydraulic diameter 
of the bed. Other symbols are defined in the nomenclature. 
 
2.3.3 Phase Change Rate  
 
The phase change rate, m& ,  is the key parameter that gives the moisture transfer flux of 
the exchangers. It is defined as: 
 
( )survvvm Shm ,ρρ −−=&     (2.15) 
 
where mh  is the mass transfer coefficient between the air and the surface of the desiccant 
coating; vS  is specific surface area; vρ  is water vapour density in the air flow; and 
surv,ρ  is the water vapour density on the desiccant surface. 
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The convection mass transfer coefficients are obtained using the analogy between the 
heat and mass transfer, so that  
nn
Nu
Sc
Sh
Pr
=  (2.16) 
where n = 1/3 from equation (2.9). The mass transfer coefficient is calculated using 
    
h
v
m D
ShD
h =  (2.17) 
and the Schmidt number is defined as 
 
vg D
Sc ρ
µ=     (2.18) 
  
2.3.4 Thermodynamic and Material Properties  
    
The other equations needed in the model to describe the thermodynamic and material 
properties are listed below. The relative humidity is defined by: 
 
   ( )Tf
TR
P
P vv
sat
v ρφ ==  (2.19) 
 
where the saturation pressure of air is a function of temperature (ASHRAE 2005). 
 
)ln/exp( 13
3
12
2
111098 TCTCTCTCCTCPsat +++++=  (2.20) 
       where: Pv   = partial pressure of water vapour (Pa) 
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         Psat = saturation pressure of water vapour (Pa) 
         T   = absolute temperature (K) 
         C8 = -5.8002006e+03 
         C9 = 1.3914993 
         C10 = -4.8640239e-02 
         C11 = 401764768e-05 
         C12 = -1.4452093e-08 
         C13 = 6.5459673 
 
The total air pressure is the sum of the partial pressures. 
        av PPP +=  (2.21) 
where, 
       TRP vvv ρ=  (2.22) 
       TRP aaa ρ=  (2.23) 
The thermal conductivity of moist air is given by  
      
av
aavv
g
KKK ρρ
ρρ
+
+=  (2.24) 
The density of the solid components are evaluated using the volume fraction of the dry 
solid ( sε  ) and the adsorbed water ( lε ). Similarly, the specific heat and thermal 
conductivity of the solid components, including the adsorbed water, are evaluated as 
follows: 
      
ls
llss
sl εε
ρερερ +
+=  (2.25) 
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)( lssl
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ρερε
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+=  (2.26) 
   
ls
llss
effsl
KKK εε
εε
+
+=,  (2.27) 
 
2.3.5 Boundary Conditions 
 
The boundary conditions are given for the temperature and humidity of the air and 
porous material at the entrance of the supply (S) and exhaust (E) exchangers in Figure 
2.1 at x = 0 and y = 0 respectively as in Figure 2.2. The boundary conditions correspond 
to ARI standard 1060 summer testing condition (ARI, 2005): 
At x = 0,  308, =inSairT K (34.85 oC)   
                297, =inEairT K (23.85 oC) 
               inSair ,φ  = 47.4%                                        
                inEair ,φ  = 51.2%                                     
 
When the two exchangers are coupled with a moving desiccant in a run-around system, 
it is assumed that bulk temperature and moisture content of the desiccant coated fibres 
entering one exchanger ( y = 0 ) are uniform and equal to the bulk temperature and 
moisture content at the outlet of the other exchanger. Therefore, it is assumed that the 
temperature and moisture content in the porous material becomes uniform due to 
conduction, diffusion and mechanical mixing prior to entering another exchanger. The 
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boundary condition equations for the solid components used in the run-around system 
between the supply and exhaust air exchangers are: 
        outEslinSsl TT ,, =  
        outSslinEsl TT ,, =  
        outEslinSsl UU ,, =  
       outSslinEsl UU ,, =  
where the subscript out refers to the bulk  mean outlet conditions as defined later in this 
thesis (see equation (2.44) and (2.45)). 
 
2.3.6 Discretization of the Equations 
 
The finite volume method (Patankar, 1980) is used to discretize the coupled partial 
differential equations for each exchanger. A numerical grid is used to discretize the bed 
inside each exchanger into a set of differential control volumes. The node distribution 
for the key nodes in one exchanger is shown in Figure 2.3. A FORTRAN code was 
developed to solve the discretizated governing equations for heat and moisture transfer 
in a single exchanger and the run-around system. 
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Figure 2.3 Node distribution showing the typical nodes at “P” inside a porous bed and 
on the boundary of a porous bed exchanger. 
 
The Peclet number, Pe,  is used to determine if an upwind or central difference method 
should be used to discretize the advection terms in the governing equations, where Pe is 
the ratio of heat (or moisture) advection to heat (or moisture) diffusion. 
Γ
⋅⋅== Lu
D
FPe g
ρ
  (2.28) 
where:  
     F = the strength of convection 
     D = the diffusion conductance 
     Γ = the general diffusion coefficient 
 
Since the Peclet numbers for both heat and moisture transfer are greater than 2, the 
upwind method is used. The grid size within the porous bed is 6=∆=∆ yx mm, and the 
grid size in the four corners is 2/x∆  and 2/y∆ . This gives a total number of nodes in air 
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flow direction of m = 51, and in solid flow direction of n = 51. Numerical simulations 
were performed to ensure that the results are not grid sensitive. The numerical solution is 
time accurate and thus each dependent variable,Φ , is required to satisfy equation (2.29) 
in the numerical analysis before time is advanced. 
 
( ) c
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The residuals of the governing equations are required to satisfy  
( ) Rnm jiT RmnR ε≤⎟⎟⎠
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⎛= ∑ 2
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2
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When the system reaches steady state, the heat and moisture transfer rates in the supply 
exchanger will equal the heat and moisture transfer rates in the exhaust exchanger. The 
energy and mass transfer rates satisfy 
( ) 01.02/ ≤+
−
ES
ES
qq
qq    (2.31) 
( ) 01.02/ ≤+
−
ES
ES
mm
mm
&&
&&
  (2.32) 
 
2.4 Exchanger Effectiveness 
The effectiveness of a heat exchanger, including a run-around system, is expressed as 
(Kays and London, 1984): 
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conditionsoperatingsametheandareatransfer
heatfiniteinanwithexchangeranofratetransferheatpossibleMaximum
ratetransferheatActual=ε    (2.33) 
 
The effectiveness is a function of the number of transfer units (Ntu) and heat capacity 
ratio (Cr). 
 
2.4.1 Sensible Effectiveness 
 
Using the definition in equation (2.33), the sensible effectiveness for the single 
exchanger is defined as: 
 
)( ,,min
,,,,
insling
outgoutginging
s TTC
TCTC
−
−=ε                                                                         (2.34) 
 
where the heat capacity rate of the gas phase is 
 
)( vgairairg CpWCpmC += &                                                                          (2.35) 
 
where, airm&  is mass flow rate of dry air, airCp  is the specific heat capacity of dry air, gW  
is the humidity ratio of the air, and vCp  is the specific heat capacity of the water vapor. 
 
Similarly, the heat capacity rate for the desiccant coated fibre material used in the 
exchangers is  
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slslsl CpmC &=                                                                                              (2.36) 
 
where slm&  is mass flow rate of solid and liquid mixture (i.e., the solid fibre, plus 
desiccant and adsorbed water), and slCp  is the specific heat capacity of the solid 
component including adsorbed water vapour. 
 
The minimum heat capacity rate is the minimum of the air or solid porous media. 
 
{ }slg CCC ,minmin =                                                                                  (2.37) 
 
The number of transfer units (Ntu) and heat capacity ratio (Cr) are important 
dimensionless groups. They are defined below: 
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The bulk air temperature and humidity ratio at the outlet of the exchangers are calculated 
using the following equations: 
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The bulk solid temperature and moisture content at the outlet of the exchangers are 
calculated with the following equations: 
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2.4.2 Latent Effectiveness 
 
The latent effectiveness is the ratio of actual moisture transfer to the maximum possible 
moisture transfer which would occur in an ideal exchanger that had an infinite moisture 
transfer surface area (Fan, 2005). 
 
( ){ })(),(min ,,,, ,, inslingsiinslingair outgingairl UUmWWm
WWm
−−
−= &&
&ε                                        (2.46) 
 
where, inslW , is the humidity ratio that air would reach when in equilibrium with the 
desiccant at a moisture content of inslU , ; sim&  is mass flow rate of silica gel; ingU , is 
moisture content that the desiccant would attain when it is in equilibrium with air at a 
relative humidity of ing ,φ . 
 
2.4.3 Total Effectiveness 
 
With the sensible effectiveness and the latent effectiveness of a single exchanger, the 
total effectiveness of a single exchanger is defined by the following equation (Simonson 
and Besant, 1999a): 
 
*
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Hls
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T
WH ∆
∆= 2500*                                                                                      (2.48) 
 
insling WWW ,, −=∆                                                                                  (2.49) 
 
insling TTT ,, −=∆                                                                                    (2.50) 
  
where *H  is the operating condition factor, W∆  is the inlet humidity ratio difference 
between the air and the solid surface (kg/kg), and T∆  is the inlet temperature difference 
between the air and solid or liquid ( Co , K). 
 
2.4.4 Run-around System’s Effectiveness 
 
When the run-around system reaches steady state, the overall effectiveness values of the 
system are expressed as follows, which utilize the air properties in the supply and 
exhaust air streams only. 
 
 Sensible effectiveness 
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 where min,gC is the minimum of gSC  and gEC . 
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Latent effectiveness 
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where, minm& is the minimum of Sairm ,&  and Eairm ,& .  
 
 Total effectiveness 
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Chapter 3  
MODEL VERIFICATION 
 
3.1 Introduction 
 
In this chapter, the accuracy of the model for sensible and latent heat transfer within a 
single exchanger is verified by comparing the simulations with well-known theoretical 
solutions for a single cross flow heat exchanger. The model is also verified for sensible 
and latent heat transfer in a run-around system by comparing the simulations with 
correlations for a run-around heat recovery system and an energy wheel.  
 
3.2 A single Exchanger with Heat Transfer only 
 
The results from the model are compared with heat transfer solutions and correlations 
from the literature. The inlet temperatures are inairT , = 308K (34.85 oC) for the air stream, 
and inslT ,  = 297K (23.85 oC) for the desiccant coated fibre. There is no moisture transfer 
between the two streams, so sls CC = . The volume fraction of the fibre glass is 0.1%, 
and the volume fraction of the silica gel is 0.5%. 
 
The effectiveness for two unmixed fluids flowing through a cross-flow heat exchanger is 
expressed by the correlation (Incropera and Dewitt, 1996): 
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 ( ) ( )[ ]{ }⎥⎦⎤⎢⎣⎡ −−⎟⎠⎞⎜⎝⎛−= 1exp1exp1 78.022.0 NtuCrNtuCrsε                                (3.1) 
 
A comparison of the effectiveness values obtained from the correlation and numerical 
model are shown in Figure 3.1.  The numerical results agree with the correlation results. 
For example, when the capacity ratio (Cr) is 0.5 (Cs>Cg), the difference between the 
numerical and analytical is less than 1.6% for 425.0 ≤≤ Ntu , and less than 1% for 
184 ≤< Ntu . For the same Ntu, the effectiveness is the smallest when Cr = 1, and the 
effectiveness increases as Cr decreases. The effectiveness increases significantly as Ntu 
increases from 0 to 6 for different Cr values, and only increases slightly as Ntu increases 
above 6. For the same Cr and Ntu, the numerical effectiveness is almost the same for 
both Cs>Cg and Cs<Cg. 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0 2 4 6 8 10 12 14 16 18 20
Ntu
εs
Cr=1
Cr=1
Cr=0.75 Cs>Cg
Cr=0.75 Cs<Cg
Cr=0.75
Cr=0.5 Cs>Cg
Cr=0.5 Cs<Cg
Cr=0.5
line: correlation
point: numerical
 
Figure 3.1 Comparison between the sensible energy effectiveness of a single exchanger 
calculated with the numerical model and the correlation from the literature. 
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The numerical model can be further verified using the analytical solution of Mason 
(1955). Mason (1955) obtained the analytical solution for the dimensionless temperature 
profile in a cross-flow flat-plate heat exchanger with both fluids unmixed, gs CC =   and 
constant properties. The equation is: 
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where, ( ) ( ) ( )
insinair
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TT
YXTYXTYX
,,
****
** ,,, −
−=θ                                                    (3.3) 
Although the model in this research is a solid-liquid exchanger, the analytical solution 
(3.2) can be used to verify the numerical results. For Ntu = 1, shown in Figure 3.2 (a), 
the numerical results are in very good agreement with analytical results in the whole 
bed. In the area with large temperature differences and heat flux, the difference between 
the numerical and analytical solutions is less than 1%. For Ntu = 2, shown in Figure 
3.2(b), the analytical and numerical results are in close agreement in the 
region 6.0* <X and 6.0* <Y  where the heat flux is large. In most of this area, the 
difference between the analytical and numerical solutions is less than 5%. There are 
some larger differences for 6.0* >X  and 6.0* >Y , but the actual temperature 
differences and the heat fluxes are small in this region, and as a result, the simulated 
effectiveness of the heat exchanger is very close to the effectiveness from the correlation 
equation (3.1). 
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Figure 3.2 Comparison of dimensionless temperature difference,θ , for the analytical and 
numerical results, with gs CC =  and (a) Ntu = 1 and (b) Ntu = 2. 
(a) 
(b) 
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Figure 3.3 and Figure 3.4 show the temperature distribution within the dry air and the 
solid with the same Ntu, but different heat capacity ratios, Cr. In these two operating 
conditions, the air velocity is the same, but the solid heat capacity rate is gs CC 2=  
(Figure 3.4) and is gs CC =  (Figure 3.3). The bulk mean outlet temperature is obviously 
different for these two heat capacity ratios. The bulk outlet air temperature is lower and 
the bulk outlet solid temperature is higher with  gs CC 2=  (Figure 3.4) than with 
gs CC =  (Figure 3.3).  
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Figure 3.3 Temperature distributions for Ntu = 8, and gs CC =  ( inairT , = 308K (34.85 oC), 
insT ,  = 297K (23.85 oC)).
  
 
 
38  
34.0
32.0
30.0
28.0
26.0
24.0
0.0 0.2 0.4 0.6 0.8 1.0
1.0
0.8
0.6
0.4
0.2
0.0
( C)o
34.85 oC
Y*
X*
( )** ,YXTg ( )Co  distribution for air. 
26.0
28.0
30.0
24.0
32.0
34.0
0.0 0.2 0.4 0.6 0.8 1.0
1.0
0.8
0.6
0.4
0.2
0.0
o( C)
23.85 oC
Y*
X*
                ( )** ,YXTs ( )Co  distribution for solid.
Figure 3.4  Temperature distributions for Ntu = 8, and gs CC 2=  ( inairT , = 308K (34.85 
oC), insT ,  = 297K (23.85 oC)). 
 
3.3 Run-around System with Heat Transfer only 
 
In this section, the results and equations for a run-around system from the literature are 
used to verify the numerical model. The inlet properties for dry air are as follows: 
Supply air side: inSairT ,  = 308K (34.85 oC)  
Exhaust air side: inEairT , = 297K (23.85 oC) 
 
Zeng et al. (1992) showed that the overall effectiveness of the run-around heat recovery 
system, 0ε , is a function of the Ntu and Cr of each exchanger. For the air-to-solid run-
around system, this relationship can be written in the form:  
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g
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C min,
min,
min,
min,
min,1 −⋅+⋅= εεε .  (3.4) 
If the heat capacity ratios in both the supply and exhaust sides are equal, ES CrCr = , and 
with the same heat transfer units, ES NtuNtu = ,  equation (3.4) can be simplified to, for 
sg CC ≤ : 
Cr
SEo
−+= εεε
111 ,    (3.5) 
where sg CCCr /= , 
and,  for sg CC > : 
)111(11 −+=
SEo Cr εεε                                                                                      (3.6) 
where gs CCCr /= . 
 
The analytical and numerical results are shown in Figure 3.5. For the same Ntu, the 
effectiveness is the largest when Cr = 1, and effectiveness decreases as Cr decreases. For 
the same Cr and Ntu, the effectiveness is larger when Cs>Cg than when Cs<Cg. The 
numerical results match very well with the analytical results. The largest difference is 
2.7% when 181 ≤≤ Ntu . 
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Figure 3.5 The analytical and numerical effectiveness results for (a) Cr = 1, (b) Cr = 
0.75 and (c) Cr = 0.5  
 
3.4 Counter Flow Heat and Moisture Regenerator (Energy Wheel) 
 
In order to further verify the numerical model developed in this thesis, the numerical 
results will be compared to results in the literature for energy wheels, which exchange 
heat and moisture using the desiccant coated surface of the wheel matrix as it rotates. To 
pursue this comparison, the well-mixed bulk temperature and moisture content for the 
solid moving bed at the exit of each exchanger, as used previously and described in 
Section 2.3.5, will be altered so that the temperature and moisture content distributions 
will be retained before the solid particles enter the supply (S) and exhaust (E) 
exchangers. With this change, the desiccant coated solid behaviour is similar to that for 
rotary energy wheels. A counter-flow arrangement is achieved by interchanging the 
solid material flow as shown in Figure 3.6, where the solid material that exits the supply 
exchanger near the air inlet is transported to the exhaust exchanger near the air outlet. 
(c) 
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 Figure 3.6 Schematic diagram of a run-around energy recovery system with a counter-
flow arrangement.  
 
The boundary condition equations at y = 0 to create this interchange in the model are: 
EnimslSisl TT ),1()1,( +−=                                                                                              (3.7) 
SnimslEisl TT ),1()1,( +−=                                                                                              (3.8) 
EnimslSisl UU ),1()1,( +−=                                                                                            (3.9) 
SnimslEisl UU ),1()1,( +−=                                                                                     (3.10) 
 
Figure 3.7 shows the effectiveness of a counter-flow run-around system for the ARI 
summer test condition CT ing
o35, = , %4.47, =ingφ , CT insl o9.23, = , %2.51, =inslφ  with 
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Ntu = 10. The sensible, latent and total effectiveness increases with the increase of 
gsl CC / .  
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Figure 3.7 The overall system effectiveness in counter-flow run-around system for ARI 
summer test conditions and Ntu = 10.  
 
Simonson and Besant (1999b) developed the following correlations for the 
effectivenesses of energy wheels: 
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g
s
sg C
CCr =                                                                                                        (3.14) 
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                (3.16) 
η  is the fraction of the phase change energy that is delivered directly to the air which is 
assume to be 0=η in this thesis. mtCr  is the moisture transfer group ratio for an energy 
wheel. aveT  (K) and aveφ  are the average temperature and relative humidity between the 
supply air and exhaust air inlet conditions. 
 
It should be noted that in run-around system correlations, 0Ntu  is defined for a single 
exchanger ( NtuNtuo = ), but in the energy wheel correlations it is based on the whole 
exchanger ( 2/NtuNtuo = ), which means the Ntu  in the run-around system is twice that 
of the energy wheel in this comparison. 
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Figure 3.8 shows the comparison between the energy wheel and counter-flow run-
around system in summer ARI conditions with 10/ =gsl CC . Although there are some 
differences for the sensible effectiveness, the latent and total effectiveness are in very 
good agreement. When 102 ≤≤ Ntu , the sensible effectiveness relative difference is less 
than 15%, and is 4.1% when 10=Ntu  ; the latent effectiveness relative difference is less 
than 6%, and is 0.7% when 10=Ntu  ; but the total effectiveness relative difference is 
less than 2%. The differences between the sensible effectiveness value calculated from 
the energy correlations and those calculated by the numerical model are likely due to 
heat conduction in the porous bed, which is included in the numerical model but 
assumed negligible in the correlation of equations (3.11) to (3.16).  
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Figure 3.8 Comparison between energy wheel and counter-flow run-around system (a) 
sensible, (b) latent, and (c) total effectivenesses for summer ARI conditions 
and 10/ =gsl CC . 
 
Figure 3.9 shows the comparison between the energy wheel and counter-flow run-
around system in winter ARI conditions with 10/ =gsl CC . The sensible, latent and total 
effectiveness are in very good agreement. 
(c) 
(b) 
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Figure 3.9 Comparison between energy wheel and counter-flow run-around system (a) 
sensible, (b) latent, and (c) total effectivenesses for winter ARI conditions 
and 10/ =gsl CC . 
 
Figure 3.8 and Figure 3.9 show that the results of the numerical model are in agreement 
with energy wheel correlations from the literature after changing the flow pattern from a 
cross-flow run-around to a counter-flow run-around configuration, and verifies the 
accuracy of the heat and moisture transfer model presented in Chapter 2. 
 
In summary, the model has been verified for heat transfer in a single exchanger, heat 
transfer in a run-around system, and heat and moisture transfer in a run-around counter-
flow system (comparable to an energy wheel). 
(c) 
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Chapter 4  
THE SIMULATED RESULTS 
 
4.1 Introduction 
 
The governing equations for heat and moisture transfer in the novel run-around system 
that uses a solid material to transport heat and moisture between remote air streams are 
listed in Chapter 2.  In Chapter 3, the accuracy of the model was verified for the heat and 
moisture transfer in the run-around system by comparing to effectiveness correlations in 
the literature. In this chapter, heat transfer only and heat transfer coupled with moisture 
transfer in the run-around system are investigated to demonstrate the performance and 
operation characteristics of the run-around system. 
 
4.2 The Results for a Run-around System with Heat Transfer only 
 
For the run-around system with heat transfer only, Figure 4.1 shows the sensitivity of the 
overall effectiveness to changes in Cr ( maxmin / CCCr = ) and Ntu. For gs CC <  and a 
constant Ntu, the effectiveness decreases as Cr decreases. For gs CC > , constant Ntu 
(i.e., a constant air velocity) and Ntu < 3, the overall effectiveness remains almost 
constant and independent of the velocity of the porous bed. When Ntu > 3, the 
effectiveness decreases as Cr decreases which means that the effectiveness decreases as 
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the velocity of the porous bed increases. At a constant Ntu and Ntu > 1, the maximum 
effectiveness occurs at Cr≈1. 
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Figure 4.1 Overall effectiveness versus gs CC / for the run-around system with heat 
transfer only and with Ntu as a parameter. 
 
In order to obtain the maximum effectiveness during peak load conditions, gs CC / should 
be kept in the range from 0.9 to 1.2. For example, with 2.1/9.0 ≤≤ gs CC , and Ntu = 5, 
the overall sensible effectiveness of the run-around system will be almost 60%. With the 
same gs CC /  and Ntu = 10, the overall sensible effectiveness can be almost 70%.  
During part load conditions, the overall effectiveness can be reduced to match the load 
by reducing sC  (i.e., by reducing the velocity of the porous bed). 
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4.3 Single Exchanger with Heat and Moisture Transfer 
 
In each exchanger, the porous bed’s properties are shown in Table 4.1. These are the 
same as in Chapter 3. The operating conditions for the exchanger are chosen as in Table 
4.2. These inlet properties will be used to illustrate the behaviour of a single exchanger 
during two somewhat extreme operating conditions in the summer when the solid 
desiccant is warm and moist or warm and dry. 
 
Table 4.1 Parameters and properties of each heat and moisture exchanger 
Size of the exchanger 
000 zyx ××        mmm 3.03.03.0 ××  
Fibre glass volume fraction 
fε  0.1% 
Silica gel volume fraction 
siε  0.5% 
 
Table 4.2 Selected operating conditions of one heat and moisture exchanger 
                                                                        Moist desiccant           Dry desiccant 
Inlet temperature of the air stream  Co35  Co35  
Inlet relative humidity of the air stream 47.4% 47.4% 
Inlet humidity ratio of the air stream kgg /90.16  kgg /90.16  
Inlet temperature of the solid stream Co9.23  Co9.23  
Inlet equilibrium relative humidity of the solid stream 51.2% 25% 
Inlet equilibrium humidity ratio of the solid stream kgg /51.9  kgg /61.4  
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The temperature and humidity ratio distributions for moist desiccant operating 
conditions ( CT ing
o35, = , %4.47, =ingφ , CT insl o9.23, = ,  %2.51, =inslφ ) with Ntu = 6, 
and Cr = 1 are presented in Figure 4.2. Inside the exchanger, the air temperature is 
higher than that of solid, and heat is transferred from air to the solid. As the air flows 
through the exchanger, moisture is adsorbed by the desiccant, and adsorption heat is 
delivered to the solid. The air humidity ratio is lower at the outlet of the exchanger than 
at the inlet, and solid equilibrium humidity ratio is higher at the outlet than at the inlet. 
The moisture is transferred from the air to the solid for most of the exchanger, but in the 
bottom-left corner ( *X full range, *Y large), moisture is transferred from the solid to air 
because the humidity ratio (vapour density) of the solid is higher than that of the 
adjacent moist air. 
 
In Figure 4.3, the temperature and humidity ratio distributions for the case where the 
solid entering the exchanger is dry    ( CT ing
o35, = , %4.47, =ingφ , CT insl o9.23, = ,  
%25, =inslφ  with Ntu = 6, and Cr = 1 ) are presented. Here only insl ,φ  is different 
compared with the operating conditions in Figure 4.2. During this operating condition, 
the temperature distribution in Figure 4.3(a) shows that in part of the exchanger the air 
temperature increases and then decreases as it flows through the exchanger. The air 
temperature in the bottom-left region of Figure 4.3(a) ( *X full range, *Y large) is higher 
than the temperature of the air entering the exchanger. In this region, the solid 
temperature is higher than that of air. The bulk temperature of the air at the outlet is 
higher than that of the air at the inlet, even though the temperature of the solid at the
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Figure 4.2  Distributions of (a) air temperature, (b) solid temperature, (c) air humidity 
ratio, and (d) solid equilibrium humidity ratio  for the operating conditions of 
CT ing
o35, = ,  %4.47, =ingφ , CT insl o9.23, = ,  %2.51, =inslφ  with Ntu = 6 and Cr = 1.
inlet is lower than the temperature of the air at the inlet. This occurs because a large 
amount of adsorbed water accumulates on the desiccant surface due to the large relative 
humidity (vapour density) difference between the air and the solid. As water is adsorbed, 
(a) Air temperature (oC) (b) Solid temperature (oC) 
(c) Air humidity ratio (d) Solid equilibrium humidity ratio (g/kg) 
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the heat of sorption is delivered to the solid and this sorption heat release is large enough 
to make the solid temperature higher than that of the adjacent air.  
35.0
37.0
39.0
41.0
33.0
31.0
29.0
27.0
25.0
0.0 0.2 0.4 0.6 0.8 1.0
1.0
0.8
0.6
0.4
0.2
0.0
( C)o
35 oC
Y*
X*
  
28.0
30.0
32.0
34.0
36.0
38.0
40.0
26.0
42.0
24.0
40.0
0.0 0.2 0.4 0.6 0.8 1.0
1.0
0.8
0.6
0.4
0.2
0.0
o( C)
23.9 oC
Y*
X*
 
15.0
14.0
13.0
11.0
9.0
7.0
16.0
5.0
0.0 0.2 0.4 0.6 0.8 1.0
1.0
0.8
0.6
0.4
0.2
0.0
16.9 g/kg
(g/kg)
Y*
X*
 
7.0
9.0
11.0
13.0
14.0
5.0
15.0
0.0 0.2 0.4 0.6 0.8 1.0
1.0
0.8
0.6
0.4
0.2
0.0 4.61 g/kg
(g/kg)
Y*
X*
 Figure 4.3 Distributions of (a) air temperature, (b) solid temperature, (c) air humidity 
ratio, and (d) solid equilibrium humidity ratio for the operating conditions: CT ing
o35, = ,  
%4.47, =ingφ , CT insl o9.23, = ,  %25, =inslφ  with Ntu = 6 and Cr = 1.
 
Figure 4.4 and Figure 4.5 are used to illustrate the effect of changing the capacity ratio 
Cr. In Figures 4.4 and 4.5, the temperature and humidity ratio distribution are presented 
(a) Air temperature (b) Solid temperature 
(c) Air humidity ratio (d) Solid equilibrium humidity ratio
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for the moist operating condition in Table 4.2 with Ntu = 6, and Cr = 0.3. The results in 
Figure 4.4 are for gsl CC <  and the results in Figure 4.5 are for gsl CC > . Figure 4.4 
shows that there are only small temperature and humidity ratio differences between the 
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Figure 4.4  Distributions of (a) air temperature, (b) solid temperature, (c) air humidity 
ratio, and (d) solid equilibrium humidity ratio for operating condition CT ing
o35, = ,  
%4.47, =ingφ , CT insl o9.23, = ,  %2.51, =inslφ  with Ntu = 6 and Cr = 0.3 ( gsl CC <  ). 
 
(a) Air temperature (b) Solid temperature 
(c) Air humidity ratio (d) Solid equilibrium humidity ratio 
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inlet and outlet of the exchanger on the air side, but there are large temperature and 
humidity ratio differences between inlet and outlet on the solid side. This is expected 
because the capacity rate of the solid is much lower than that of the air.  
 
Figure 4.5 shows that there are large temperature and humidity ratio differences between 
the inlet and outlet of the exchanger on both the air and solid sides. The temperature and 
humidity ratio distributions in Figure 4.5 have a similar shape to those presented in 
Figure 3.3 for sensible heat transfer only with gsl CC =  (Cr = 1). Since Cr = 1 is the 
optimal capacity ratio for sensible exchangers, this may indicate that the optimal 
capacity ratio for a run-around moisture exchanger is Cr = 0.3 with gsl CC > . This is 
consistent with the results of Fan et al. (2006).  The temperature and humidity ratio 
contours in Figure 4.5 are quite different than those in Figure 4.4, even though they have 
the same heat capacity ratio. 
 
Although the temperature and humidity distributions with the heat and moisture 
exchanger are useful, the performance of a single heat and moisture exchanger is better 
quantified by effectivenesses. The sensible and latent effectivenesses under ARI summer 
operating conditions (ARI (2005) CT ing
o35, = , %4.47, =ingφ , CT insl o9.23, = ,  
%2.51, =inslφ ) are presented in Figure 4.6. For a single exchanger with the same Ntu 
and Cr, the sensible and latent effectivenesses for gsl CC >  are larger than that for 
.gsl CC <
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Figure 4.5  Distributions of (a) air temperature, (b) solid temperature, (c) air humidity 
ratio, and (d) solid equilibrium humidity ratio for operating condition CT ing
o35, = ,  
%4.47, =ingφ , CT insl o9.23, = ,  %2.51, =inslφ  with Ntu = 6 and Cr = 0.3 ( gsl CC >  ). 
(a) Air temperature (b) Solid temperature 
(c) Air humidity ratio (d) Solid equilibrium humidity ratio 
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In Figure 4.6(a), the sensible effectiveness sε  is minimum when the heat capacity ratio 
Cr = 1. As Cr decreases (i.e., gsl CC /  increases for gsl CC / >1 and gsl CC /  decreases 
for gsl CC / <1), sε  increases. This result is similar to that for sensible heat exchangers 
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Figure 4.6 Effectiveness of (a) sensible and (b) latent energy transfer versus solid/gas 
capacity ratio for a single exchanger with ARI summer operating conditions. 
 
(a)  
(b)  
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 (Figure 3.1). In Figure 4.6(b), the latent effectiveness increases with the increase 
of gsl CC /  from zero because the moisture transfer goes to zero as 0→slC . These 
effectiveness graphs will be different for different operating conditions, when the heat 
and moisture transfer direction and magnitude change significantly. These results are 
very similar with those of Fan et al. (2006) for a liquid desiccant and air exchanger. 
 
4.4 Run-around System with Heat Transfer and Moisture Transfer 
 
The run-around heat and moisture recovery system has separate exchangers in the 
supply and exhaust air streams. The scheme for the run-around system is shown in 
Figure 2.1. ARI summer and winter test conditions (ARI, 2005) shown in Table 4.3 are 
used for the simulation where each exchanger has the properties listed in Table 4.1.  
 
Table 4.3 ARI 1060 (2005) test inlet air conditions for certifying energy exchangers 
Inlet temperature of the supply air stream Co35  
Inlet relative humidity of the supply air stream 47.4% 
Inlet temperature of the exhaust air stream Co9.23
Summer 
Inlet relative humidity of the exhaust air stream 51.2% 
Inlet temperature of the supply air stream Co7.1  
Inlet relative humidity of the supply air stream 82.5% 
Inlet temperature of the exhaust air stream Co1.21  
Winter 
Inlet relative humidity of the exhaust air stream 49.2% 
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Figure 4.7 shows the sensible, latent, and total effectivenesses of the run-around system 
with Ntu as a parameter during ARI summer operating conditions. For 0.5≥Ntu , the 
peak sensible, latent, and total effectivenesses occur when the heat capacity ratio Cr = 
0.3 ( 3.3/ =gsl CC ). That is, the heat capacity rate of the solid is about 3.3 times larger 
than the moist air. For 0.5<Ntu , these effectivenesses are somewhat insensitive to 
gsl CC /  for 0.3/ >gsl CC . These results are very close to Fan et al. (2006), and the 
sensible effectiveness is almost the same especially. This comparison can further verify 
the model with moisture and heat transfer. 
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Figure 4.7 The (a) sensible, (b) latent, and (c) total effectivenesses of the run-around 
system for different values of Ntu using ARI summer test conditions. 
 
Figure 4.8 shows the sensible, latent, and total effectivenesses of the run-around system 
with Ntu as a parameter during ARI winter operating condition. For this winter 
(b)  
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condition and 0.5≥Ntu , the peak sensible, latent, and total effectiveness occur when the 
heat capacity ratio Cr = 0.5 ( 2/ =gsl CC ); i.e., the heat capacity rate of the solid is about 
twice that of the moist air. 
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Figure 4.8 The (a) sensible, (b) latent, and (c) total effectivenesses of the run-around 
system for different values of Ntu using ARI winter test conditions. 
 
For the run-around system with only heat transfer, and using dry air with the same 
operating temperature as in summer ARI operating condition, the results were illustrated 
in Figure 4.1. The peak values occur when Cr = 1.0 ( 1/ =gs CC ); i.e., the heat capacity 
rate of the solid is equal to the heat capacity rate of the dry air. These results show that 
for 0.5≥Ntu , the maximum effectivenesses in the run-around system will occur at a 
heat capacity ratio, which depends on the operating condition. 
 
Figure 4.9 compares the sensible, latent and total effectiveness of the run-around system 
versus gsl CC /  for Ntu = 10 during ARI summer and winter operating conditions. This 
figure shows that the sensible, latent, and total effectiveness are nearly the same during 
the ARI summer test condition, but are significantly different during the ARI winter 
condition. For all cases, the total effectiveness lies between the sensible and latent 
effectiveness. 
(c)  
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Figure 4.9 The effectivenesses of the run-around system versus gsl CC /  for Ntu = 10 
during ARI (a) summer and (b) winter operating conditions. 
 
Figure 4.10 shows the air inlet and bulk outlet conditions for the supply air and exhaust 
air exchangers on a psychrometric chart for ARI summer and winter conditions at the 
optimal Cr value. It is found that there are more moisture transfer and less sensible heat  
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Figure 4.10 Supply air and exhaust air exchanger processes superimposed on a 
psychrometric chart when Ntu = 10 and (a) Cr = 0.3 ( 3.3/ =gsl CC ) during ARI summer 
test conditions, and (b) Cr = 0.5 ( 2/ =gsl CC ) during ARI winter test conditions. 
 
(a)  
(b)  
  
 
 
66  
transfer inside each exchanger in summer condition, and there are less moisture transfer 
and more sensible heat transfer inside each exchanger in winter condition. 
 
4.5 The Thickness of Coating 
 
In order to investigate the influence of the desiccant coating thickness on the 
effectiveness of the run-around system, the outside diameter of the desiccant coating (D) 
is 30.6 mµ  based on the solid volume fraction listed in Table 1. It is held constant to 
keep the specific surface area of the porous solid constant. Meanwhile, the diameter of 
the fibre glass (d) is allowed to change from 10 mµ  to 30.6 mµ . This range of d gives a 
range of desiccant coating thickness from 10.3 mµ  to nearly 0 mµ . 
 
Figure 4.11 shows the moisture transfer rate, moisture content of the desiccant in the 
supply side inlet and outlet, and effectivenesses versus fibre diameter with Ntu=10 and 
Cr=0.3 ( 3.3/ =gsl CC ) for ARI summer test conditions. Figure 4.12 presents the same 
variables for ARI winter test conditions with Ntu = 10 and Cr = 0.5 ( 2/ =gsl CC ). 
 
These simulations show that the moisture transfer rate between air and solid desiccant is 
almost constant as the fibre diameter increases from 10 mµ  to about 28 mµ (or as the 
desiccant coating thickness decreases from 10.3 mµ  to 1.3 mµ ). As d increases above 
about 28 mµ , the moisture transfer rate decreases rapidly as d approaches D = 30.6 mµ . 
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Figure 4.11  The (a) moisture transfer rate, (b) moisture content in supply side inlet and 
outlet, and (c) effectivenesses versus fibre diameter with Ntu = 10 and Cr = 0.3 
( 3.3/ =gsl CC ) at ARI summer operating conditions. 
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Figure 4.12  The (a) moisture transfer rate, (b) moisture content of the desiccant in 
supply side inlet and outlet, and (c) effectivenesses versus fibre diameter with Ntu = 10 
and Cr = 0.5 ( 2/ =gsl CC ) at ARI winter operating conditions. 
 
Figure 4.11(b) shows that the difference between the solid moisture content in supply 
side inlet and outlet increases as d increases (or the thickness of the desiccant coating 
decreases). This is logical because there is less desiccant to store the moisture as d 
increases and therefore the moisture content of the desiccant changes more as it flows 
(b)  
(c)  
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through the energy exchanger. Here the increased difference between the moisture 
content of the desiccant in the inlet and outlet can keep the moisture transfer rate nearly 
constant as d increases, but when d is larger than about 28 mµ , the desiccant is too thin 
to maintain the constant moisture transfer rate, and the moisture transfer rate decreases 
to a very small value (Figure 4.11(a)). Figure 4.11(c) shows that the sensible, latent, and 
total effectivenesses are almost constant from d = 10 mµ  to about d = 28 mµ , and 
decrease rapidly after d = 28 mµ . In this case, if the coating thickness of the desiccant is 
larger than 1 or 2 mµ , the run-around system has almost the same performance no matter 
how thick the desiccant coating is. 
 
Similar results were obtained for the ARI winter test condition, and the only major 
difference between the summer and winter test conditions is that the critical thickness of 
the desiccant coating is smaller during winter operating conditions because the moisture 
transfer rate is smaller due to the dryer air conditions. For silica gel particles with a 
diameter of about 0.5 to 5 mµ , if the fibre glass is covered by this desiccant completely, 
the thickness of coating should be thick enough for the moisture transfer in the run-
around system. 
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Chapter 5  
SENSITIVITY STUDIES 
 
5.1 Introduction 
 
The purpose of the sensitivity study is to investigate how the effectiveness will change 
with changes in Ntu, air velocity, silica gel fraction, and porous moving balls. These 
results can demonstrate how the performance of this solid desiccant run-around system 
will change during its practical use. 
 
5.2 Ntu 
 
It was shown previously that for each specific Ntu value, the effectiveness will be close 
to a maximum when Cr = 0.3 ( 3.3/ =gsl CC ) during ARI summer conditions, and when 
Cr = 0.5 ( 2/ =gsl CC ) during ARI winter conditions. Figure 5.1 shows the peak 
effectivenesses of the run-around system versus Ntu with heat capacity ratio Cr = 0.3 
( 3.3/ =gsl CC ) for the ARI summer test condition, and heat capacity ratio Cr = 0.5 
( 2/ =gsl CC ) for the ARI winter test condition. Although the sensible and latent 
effectiveness are different during the summer and winter ARI operating conditions (for 
the same Ntu), the total effectiveness is almost the same in both the summer and winter 
conditions when the Ntu is the same. 
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 Figure 5.1 Peak effectivenesses of the run-around system versus Ntu with (a) Cr = 0.3 
( 3.3/ =gsl CC ) for ARI summer test conditions, and (b) Cr = 0.5 ( 2/ =gsl CC ) for ARI 
winter test conditions. 
 
For a specific Ntu, the peak effectiveness values can be found from the Figure 5.1 for 
summer and winter ARI test conditions respectively. In order to achieve a high 
             (a)  
(b)  
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effectiveness, the Ntu should be high. For example, when Ntu = 15, the total 
effectiveness from Figure 5.1 is about 70% for both summer and winter test conditions. 
This high value of Ntu can be obtained easily because of the large surface area inside the 
moving solid particle bed. For the mmm 3.03.03.0 ×× exchanger used in this thesis 
with a solid (glass fibre + silica gel) volume fraction of 0.6% (Table 4.1), a Ntu of 15 
corresponds to a face velocity of about 4m/s (800 fpm), and Ntu increases with the face 
velocity’s decrease. 
 
5.3 Air Velocity and Silica Gel Fraction 
 
5.3.1 Effectiveness 
 
Figure 5.2 shows the effectiveness versus air face velocity, which is the average air 
velocity before entering the heat exchanger, and the silica gel fraction for summer ARI 
conditions and Cr = 0.3 ( 3.3/ =gsl CC ). When the air velocity increases from 0.6 m/s 
(120 fpm) to 2 m/s (400 fpm), Ntu decreases from 35 to 20 approximately. The 
effectiveness decreases marginally with increasing face velocity for the range 
investigated. 
 
For a constant air face velocity of u = 1 m/s, Figure 5.2 (b) shows that when the silica 
gel fraction ( siε ) increases from 0.1% to 0.65%, the effectiveness increases. This is 
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logical because increasing siε  increases the surface area for heat and moisture transfer in 
the porous bed, which increases Ntu from around 10 to 35 as siε  increases from 0.1% to  
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Figure 5.2 Effectiveness for the ARI summer test condition and Cr = 0.3 ( 3.3/ =gsl CC ) 
when (a) %1.0=fε  and %5.0=siε  with variable air face velocities, and (b) u = 1 m/s 
and %1.0=fε with variable silica gel fractions. 
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0.65%. This trend in effectiveness can also be found in Figure 5.1 (a) when Ntu is 
increased. 
 
5.3.2 Air Pressure Drop  
 
In HVAC systems, the ventilation air usually enters into an air handling unit by using 
the same fan as the return air, and they have almost the same duct friction resistance, so 
the pressure drop through the exchanger needs to be controlled to make the pressure 
drop in the fresh air system equal to that in return air system under the design ventilation 
air flow rate; otherwise, the fresh air will not be sufficient to satisfy the occupants. In the 
exhaust exchanger side, the less pressure drop through the exchanger, the less exhaust 
fan power needed to overcome the friction resistance in the exhaust air system. The air 
pressure drop through the exchanger should be less than about 250 Pa (1 inch of water 
column) to be acceptable in most HVAC designs. 
 
The air flow pressure drop through the exchanger porous bed can be calculated by the 
Ergun correlation (Ergun, 1952): 
 
( )
d
u
d
u
dx
dp 2
323
2 175.11150 ⋅⋅−⋅−⋅−⋅⋅−= ρε
ε
ε
εµ                                            (5.1) 
 
Where, ε  is the porosity of the porous media or volume fraction of the air outside the 
desiccant coating (not including the void space inside desiccant), d is the outside 
diameter of the fibre coating, u is air face velocity, ρ is air density, and µ  is air 
viscosity.  
 
Figure 5.3 shows the pressure drop across a porous bed with a depth of 300 mm (X0  = 
300 mm) at different air face velocities. The volume fractions of fibre and silica gel are 
the same as for previous simulations, and assume the diameter of the fibre is 10 mµ . In 
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different HVAC systems, the air face velocity should be chosen carefully to optimize the 
exchanger’s size. 
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Figure 5.3 The air pressure drop through porous bed (X0 = 300 mm) versus air face 
velocity. 
 
In order to keep a reasonable air pressure drop (< 250 Pa) and optimize the exchanger 
size for this specific solid volume fraction and depth, the air face velocity is about 0.95 
m/s (190 fpm) with 250 Pa air pressure drop. Ntu is about 30 when the air face velocity 
is about 0.95 m/s (190 fpm), which indicates (from Figure 5.1) that the total 
effectiveness is about 76% for both summer and winter test conditions. 
 
If the depth X0  = 150 mm, the face velocity is about 1.45 m/s (290 fpm) with 250 Pa 
pressure drop, and if X0  = 100mm, it is about 1.8 m/s (360 fpm). The exchanger face 
area can be calculated based on the air velocity and air flow rate. For different solid 
volume fraction and depth, the air face velocity will be chosen differently in HVAC 
systems design.  
 
 
 
  
 
 
77  
5.4 Moving Porous Balls 
 
In order to let the porous bed move without mechanical damage to the coating, the fiber 
and silica gel coating could be transported in highly porous balls or cages. A schematic 
of each ball is shown in Figure 5.4. For this to work in a practical application, the shell 
or cage of each ball must have a very low flow resistance compared to that of the 
internal coated fiber material. 
 
Figure 5.4 The structure of a porous ball with desiccant coated fibre glass. 
 
In general, the air flow through porous balls will be very complicated, with a flow 
velocity inside each ball that is not uniform. In the moving porous bed, the differential 
control volume is x∆ , y∆ , but in the moving porous balls, the differential control volume 
is a ball with diameter d.  
 
In this design, the balls will enter the exchanger from above and move steadily through 
each exchanger along tilted guide rods. As the balls move through the exchanger, heat 
and moisture will be transferred between the air and solid desiccant inside each ball. 
After passing through the supply side exchanger, the balls will leave the exchanger and 
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be mechanically conveyed to the exhaust exchanger where the desiccant coated fibers 
within the balls will be regenerated.  
 
In the model presented in Chapter 2 of this thesis, it is assumed that all of the air that 
flows through the energy exchanger exchanges heat and moisture with the porous 
moving bed; however, when the porous material is contained in a spherical shell or ball, 
some of the air will bypass the porous material. As the fraction of air that bypasses the 
ball increases, the total heat and moisture transfer rates (and effectiveness values) will 
decrease because only the air that passes through the ball will exchange heat and 
moisture with the desiccant coated glass fiber. In order to estimate this effect, it is 
assumed that the fraction of the air flowing through each ball ( ballinf , ) and the air passing 
around each ball ( balloutf , ) uniformly mix after each ball (Figure 5.5). In addition, it is 
assumed that the air temperature and vapour density as well as the solid temperature and 
moisture content inside each ball are uniform because each ball is small compared to the 
entire exchanger and the balls rotate as they move through the exchanger.  
 
The temperature and density of the air, after mixing the air that flows through the ball 
and the air that bypasses the ball, can be calculated from energy and mass balances. 
Assuming that both air streams have the same density and specific heat capacity, the 
mixed air temperature can be calculated as follow: 
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Figure 5.5 Air flow streams through and around the porous ball, (a) temperature and (b) 
vapour density. 
 
 1,, =+ balloutballin ff   (5.1) 
 
balloutgout fduQ ,
2=   (5.2) 
 
ballingin fduQ ,
2=   (5.3) 
 
inout QQQ +=   (5.4) 
 
),1(),( jiTjiT goutg −=   (5.5) 
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The indices (i, j) represents the position of each ball, for example, (1, 1) represents the 
ball in first row and the first column, outQ  is the air flow rate outside of the ball (or the 
flow that bypasses the ball) , inQ  is the air flow rate through the ball, Q  is the total air 
flow rate, outg jiT ),(  is the air temperature outside of the ball, ),1( jiTg −  is the air 
temperature before entering the ball (i, j), ing jiT ),(  is the average temperature of the air 
in the ball, and ),( jiTg  is the air temperature after mixing the air streams that flow 
inside and outside of the ball. ing jiT ),(  can be calculated using the same method 
described in Chapter 2 (i.e., assuming that all the air flowing through the exchanger 
exchanges heat and moisture with the desiccant coated fibre or ballinf , =1).  The vapor 
density of the mixed air streams can be calculated with: 
 
),1(),( jiji voutv −= ρρ   (5.7) 
 
Q
QjiQjiji ininvoutoutvv
),(),(
),(
ρρρ +=    (5.8) 
 
Where, outv ji ),(ρ  is the vapour density of the air that bypasses the ball, ),1( jiv −ρ is the 
vapour density before entering the ball (i, j), inv ji ),(ρ  is the vapor density inside the 
ball, and ),( jivρ is the vapor density after mixing the air streams that flow inside and 
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outside of the ball. Similarly as with ),( jiTg , inv ji ),(ρ  can be calculated using the same 
method described in Chapter 2 of this thesis. 
 
It would be very difficult to correctly estimate the fraction of the air that flows through 
each ball ( ballinf , ) and its pressure drop theoretically. In order to investigate how ballinf ,  
influences the effectiveness, Figure 5.6 shows moving nm×  balls for summer ARI 
conditions, Cr = 0.3 ( 3.3/ =gsl CC ), and an air face velocity of u = 1 m/s (200fpm) 
where m is the number of balls in air flow direction (x), and n is the number of balls in 
the direction of the ball movement (y) inside the exchanger. The size of the exchanger 
changes as m increases. For example, the exchanger is twice as long in the flow 
direction when m = 60 than when m = 30.  It should be noted that the maximum value of 
ballinf ,  in Figure 5.6 is 785.04//, === πsquarecircleballin SSf , which is an area averaged 
maximum and corresponds to the situation where a uniform velocity approaches the ball 
and the air that flows through the ball and bypasses the ball is unaffected by the 
permeability of the porous material within the ball.  As the permeability of the porous 
material within the ball decreases, more air will by pass the ball and ballinf ,  will 
decrease. 
 
The overall effectiveness does not have significant change with the increase of ballinf ,  in 
the range from 0.4 to 0.785 for every specific m number. After flowing through or 
around the porous ball, the two parts of air mix together, and this can increase the 
temperature and vapor density difference between the air and solid material in the next 
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ball, which can increase heat and moisture transfer. As a result, ballinf ,  has a slightly 
smaller effect for an exchanger that has longer air flow path (i.e., a larger value of m) 
than one with a smaller air flow path (i.e., a lower value of m).  For a large value of 
ballinf , , the overall effectiveness is not very sensitive to ballinf , . In future work, ballinf ,  
should be obtained by experimental testing.  
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Figure 5.6 The (a) sensible, (b) latent, and (c) total effectivenesses versus the flow 
fraction of the supply and exhaust air that pass through each ball ( ballinf , ) for summer 
ARI conditions, Cr = 0.3 ( 3.3/ =gsl CC ), and an air face velocity of 1 m/s. 
 
For a specific ballinf , , the larger the m (or the larger the air flow path in each exchanger), 
the higher the effectivenesses, and the larger the air pressure drop through the moving 
ball system. In practical applications, an optimized design may be reached by trading off 
changes in the effectiveness and air pressure drop. 
 
Figure 5.7 shows the effectivenesses with 1800 balls number ( nm×  = 3060× ), Cr = 0.3 
( 3.3/ =gsl CC ), ARI summer test conditions and 6.0, =ballinf  for different value of Ntu, 
and Figure 5.8 shows Cr = 0.5 ( 2/ =gsl CC ) in ARI winter test conditions. The results 
in both figures are very similar to those in Figure 5.1 (a) and (b), indicating that the 
effectiveness for the moving porous ball system can be predicted by Figure 5.1 after 
calculating Ntu.  
 
(c)  
  
 
 
84  
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0 3 6 9 12 15 18 21 24 27 30
Ntu
ε o Sensible
Latent
Total
 
Figure 5.7 Effectiveness versus Ntu for m = 60 and n = 30,  Cr = 0.3 ( 3.3/ =gsl CC ), 
ARI summer test conditions and 6.0, =ballinf . 
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Figure 5.8 Effectiveness versus Ntu for m = 60 and n = 30, Cr = 0.5 ( 2/ =gsl CC ), ARI 
winter test conditions and 6.0, =ballinf . 
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Chapter 6  
SUMMARY, CONCLUSIONS AND FUTURE WORK 
 
6.1 Summary 
 
This thesis presents a heat and moisture transfer model for air-to-solid desiccant energy 
exchangers and a run-around system. To verify the accuracy of the model, numerical 
results for heat and moisture transfer are compared with available correlations in the 
literature. 
 
By using the model, the peak effectiveness was investigated in the run-around system 
under ARI summer and winter test conditions, and the temperature and moisture 
distribution inside each exchanger were illustrated. The thickness of the desiccant 
coating was studied by assuming that the outside diameter of the desiccant coated fibre 
is constant, while the thickness of the desiccant and the diameter of the glass fibre 
change. 
 
In the sensitivity study, the sensitivity of Ntu, air velocity, silica gel fraction, and porous 
moving balls were studied in order to obtain information for practical applications. 
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6.2 Conclusions 
 
1. Although the main heat transfer is caused by convection between air flow and the 
internal surface area of the bed, rather than heat conduction through the plates as in 
traditional cross-flow flat-plate exchangers, the numerical results are in good agreement 
with the well-known analytical results for sensible cross-flow heat exchangers. The 
temperature and moisture content for any specific position inside a single exchanger or 
the run-around system can be simulated with the model developed in this thesis. The 
Ntu−ε  graphs were developed under different operating conditions. 
 
2. This thesis presents numerical heat and moisture transfer predictions of a single 
exchanger and a run-around system that employ solid-desiccant moving beds. The 
temperature and humidity ratio distribution inside a single exchanger can be complex. 
For example in a single exchanger, when the air inlet relative humidity is high and the 
solid desiccant is relatively dry, the temperature of the air stream leaving the exchanger 
may be higher than that of the air entering the exchanger, even though the solid 
desiccant temperature is lower than the inlet air temperature. 
 
3. For the same air flow rate in the supply and exhaust side exchangers, the sensible, 
latent, and total effectiveness of the run-around system depends on the number of 
transfer units (Ntu), the heat capacity ratio (Cr or gsl CC / ), and the operating conditions. 
For the ARI summer test conditions, the maximum effectivenesses of the run-around 
system occur at a heat capacity ratio of approximately 0.3 ( 3.3/ ≈gsl CC ). For the ARI 
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winter test conditions, the maximum effectivenesses of the run-around system occur at 
Cr ≈  0.5 ( 2/ ≈gsl CC ). This result differs from that for dry air with only sensible 
energy changes, where the maximum effectiveness of the run-around system occurs at 
Cr ≈  1.  
 
4. In order to get a high overall effectiveness, Ntu should be large and Cr should be 
chosen for each operating condition, and the volume fraction of the solid material should 
be selected carefully to get reasonable air and porous bed velocities and pressure drops. 
 
5. For the same Ntu, Cr, and operating conditions, with constant outside diameter of the 
silica gel coating, the sensible, latent, and total effectivenesses remain nearly constant 
and independent of the desiccant thickness until the silica gel coating is thinner than 1 or 
2 mµ . 
 
6. This run-around system can reach a high Ntu very easily because of the high specific 
surface area compared with flat-plate exchangers. This research was based on run-
around system using a moving porous solid bed. The real application is using moving 
porous solid desiccant balls, and the effectiveness for a system of porous moving balls 
depends on Ntu, Cr (or gsl CC /  ), and operating conditions. The effectiveness was found 
following the same Ntu−ε  graph with moving porous bed system.  
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7. The numerical method developed in this thesis is convenient to investigate the 
effectiveness of the run-around energy recovery system with a wide range of operating 
conditions and porous bed properties. 
 
6.3 Future Work 
 
1. In this research, a conservative convection coefficient was selected from the literature 
on porous media. More accurate data could be obtained from experiments. 
 
2. The air pressure drop through the porous ball system and the air fraction flowing 
through each ball need to be investigated further. 
 
3. The real run-around system with moving porous balls could be constructed based on 
this research, and then tested in the laboratory. The test results could be compared with 
the numerical results in this thesis. 
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Appendix A  Discretization of the Governing Equations 
 
The two-dimensional control volume method (Patankar, 1980) is used to discretize the 
four governing equations.  Figure A.1 shows the control volume in interior nodes and in 
the boundary nodes including four corners and four sides. In the interior, the control 
volume is yx∆∆ ; in the corner, it is yx∆∆
4
1 ; and in four sides, it is yx∆∆
2
1 . In this 
appendix, the discretizations of interior nodes, top-left corner node, and top side nodes are 
illustrated. The rest of the nodes in corners and sides can be solved by the same method. 
 
The node W is upstream of the node P in the air flow, and node E is downstream in the air 
flow. The node N is upstream of node P in the solid flow, and the node S is downstream in 
the solid flow. The properties in node P can be obtained by solving the partial differential 
equations. 
 
The properties with the superscript “o” represent the average properties inside the control 
volume at current time t. There is no superscript “o” for the properties in new time 
step tt ∆+ . 
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Figure A.1 Schematic of nodes inside interior and at the boundary of porous bed.  
 
A.1 Governing Equations 
 
Liquid phase continuity equation for adsorbed water on the desiccant coating: 
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ερερ                                                                                                 (2.7) 
 
Gas energy equation: 
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Solid and liquid energy equation: 
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Mass transfer equation for the water vapour flow: 
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A.2 Interior Nodes 
 
Interior node (i, j) is the node where mi <<1 , and nj <<1 . Integrate the governing 
equation over the differential control volume (w to e, and n to s) and over the time period 
(t to tt ∆+ ): 
 
1.) Discretization of aqueous phase continuity equation 
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After rearrangement, the discretized phase continuity equation becomes: 
 
( ) ( ) baa NlNPlP += εε                                                                                                     (A.3) 
 
Where, 
 
tuya slP ∆+∆=                                                                                                                (A.4) 
 
tua slN ∆=                                                                                                                        (A.5) 
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2.) Discretization of gas energy equation 
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After rearrangement, the discretized gas energy equation becomes: 
 
( ) ( ) ( ) ( ) ( ) bTaTaTaTaTa
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The thermal conductivity of gas at the interface of two control volumes is determined by 
the spatial average: 
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Where, 
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3.) Discretization of solid and liquid energy equation 
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After rearrangement, the discretized solid and liquid energy equation becomes: 
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The thermal conductivity of solid and liquid at the interface of two control volumes is 
determined by the spatial average: 
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4.) Discretization of water vapour transfer equation  
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After rearrangement, the discretized water vapour transfer equation becomes: 
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The diffusion coefficient at the interface of two control volumes is determined by the 
spatial average: 
 
( ) ( ) ( )( ) ( )
EeffvPeffv
EeffvPeffv
eeffv DD
DD
D
,,
,,
,
2
+=                                                                                       (A.44) 
 
( ) ( ) ( )( ) ( )
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2
+=                                                                                    (A.45) 
 
( ) ( ) ( )( ) ( )
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DD
D
,,
,,
,
2
+=                                                                                     (A.46) 
 
( ) ( ) ( )( ) ( )
NeffvPeffv
NeffvPeffv
neffv DD
DD
D
,,
,,
,
2
+=                                                                                    (A.47) 
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Where, 
 
( ) ( )τ
ε vxg
xeffv
D
D =, , x = P, E, W, S, N                                                                   (A.48) 
 
A.3 Top Side Boundary 
 
Top side node (i, j) is the node where mi <<1 , and 1=j . Integrate the governing 
equation over the differential control volume (w to e, and P to s) and over the time period 
(t to tt ∆+ ): 
 
1.)  Discretization of aqueous phase continuity equation 
     
 0=+∂
∂+∂
∂ m
y
u
t
l
sll
l
l &
ερερ                                                                                          (2.7) 
    
0=+∂
∂+∂
∂ ∫ ∫ ∫∫ ∫ ∫∫ ∫ ∫ ∆+∆+∆+ ttt sP ewttt ew sP lsllsP ew ttt ll dxdydtmdydxdtyudtdxdyt &ερερ
                                                                                                                                          (A.49) 
( ) ( ) ( )( ) 0
22
=∆∆∆+∆∆−+∆∆− tyxmtxuyx
l
inlPlslP
o
ll ρεεεε
&
                                         (A.50) 
 
After rearrangement, the discretized phase continuity equation becomes: 
( ) ba PlP =ε                                                                                                                    (A.51) 
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Where, 
tuya slP ∆+∆= 2
1
                                                                                                (A.52) 
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⎞
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1                                                                   (A.53) 
 
2.) Discretization of gas energy equation 
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( ) ( ) ( ) ( ) ( )
( ) ( ) ( )( ) ( ) ( ) ( )( )
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y
txK
TT
x
tyKTT
x
tyK
tyTCputyTCpuyxTCpTCp
PslPgvgslPgSgsgg
WgPgwggPgEgegg
WgwgggPgegggP
o
g
o
g
o
g
o
ggggg
∆∆∆−−−∆
∆∆+
−∆
∆∆−−∆
∆∆=
∆∆−∆∆+∆∆−
2
2
1
2
1
222
ε
εε
ρρρερε
 
(A.55) 
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After rearrangement, the discretized gas energy equation becomes: 
 
( ) ( ) ( ) ( ) bTaTaTaTa
SgSWgWEgEPgP
+++=                                                                 (A.56) 
 
Where, 
 
( ) ( ) ( )
( ) ( ) tyxSh
y
txK
x
tyK
x
tyKtyCpuyxCpa
vgslsggwgg
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∆∆∆+∆
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                           (A.57) 
 
( )
x
tyKa
eggE ∆
∆∆= ε
2
1                                                                                                    (A.58) 
 
( ) ( ) tyCpu
x
tyKa
wgggwggW
∆∆+∆
∆∆=
22
1 ρε                                                                  (A.59) 
 
( )
y
txKa
sggS ∆
∆∆= ε                                                                                                        (A.60) 
 
( ) ( )PslvgslPogogogog TtyxShyxTCpb ∆∆∆+∆∆= 2121 ρε                                                        (A.61) 
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3.) Discretization of solid and liquid energy equation 
+ 
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(A.62) 
( ) ( )( ) ( )( ) ( )
( )( ) ( ) ( )( ) ( ) ( )( )
( )( ) ( ) ( )( ) ( )( ) ( ) ( )( )
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After rearrangement, the discretized solid and liquid energy equation becomes: 
 
( ) ( ) ( ) ( ) bTaTaTaTa SslSWslWEslEPslP +++=                                                           (A.64) 
 
  
 
 
107  
Where, 
 
( )( ) ( )( ) ( )( )
( )( ) ( )( ) tyxCpmSh
y
txK
x
tyK
x
tyKtxCpuyxCpa
vvgslseffslgweffslg
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(A.65) 
 
( )( )
x
tyKa
eeffslgE ∆
∆∆−= ,12
1 ε                                                                                      (A.66) 
 
( )( )
x
tyKa
weffslgW ∆
∆∆−= ,12
1 ε                                                                                     (A.67) 
 
( )( )
y
txKa
seffslgS ∆
∆∆−= ,1 ε                                                                                          (A.68) 
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o
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o
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1 &&
 (A.69)       
                                                                                                                   
4.) Discretization of water vapour transfer equation  
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( ) ( ) ( )( ) ( ) ( ) ( )( )
( ) ( ) ( )( ) ( ) ( ) ( )( ) tyxm
y
txD
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x
tyDtyuuyx
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(A.71) 
 
After rearrangement, the discretized water vapour transfer equation becomes: 
 
( ) ( ) ( ) ( ) baaaa SvSWvWEvEPvP +++= ρρρρ                                                           (A.72) 
 
Where, 
 
( ) ( ) ( ) ( ) ( )
y
txD
x
tyD
x
tyDtyuyxa
seffvweffveeffvPgPgP ∆
∆∆+∆
∆∆+∆
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1
2
1
2
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1 ε  
                                                                                                                                   (A.73) 
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x
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eeffvE ∆
∆∆= ,2
1                                                                                                  (A.74) 
 
( ) ( ) tyu
x
tyDa
WgweffvW
∆∆+∆
∆∆=
22,
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( )
y
txDa
seffvS ∆
∆∆= ,                                                                                                      (A.76) 
 
( ) tyxmyxb
P
o
v
o
g ∆∆∆+∆∆= &2
1
2
1 ρε                                                                              (A.77) 
 
A.4 Top Left Corner Boundary 
 
Top left corner node (i, j) is the node where 1=i , and 1=j . Integrate the governing 
equation over the differential control volume (P to e, and P to s) and over the time period 
(t to tt ∆+ ): 
 
2.) Discretization of aqueous phase continuity equation 
 
     0=+∂
∂+∂
∂ m
y
u
t
l
sll
l
l &
ερερ                                                                                 (2.7) 
    
0=+∂
∂+∂
∂ ∫ ∫ ∫∫ ∫ ∫∫ ∫ ∫ ∆+∆+∆+ ttt sP ePttt eP sP lsllsP eP ttt ll dxdydtmdydxdtyudtdxdyt &ερερ
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After rearrangement, the discretized phase continuity equation becomes: 
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( ) ba PlP =ε                                                                                                                    (A.80) 
 
Where, 
 
tuya slP ∆+∆= 2
1
4
1                                                                                                       (A.81) 
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2.) Discretization of gas energy equation 
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(A.83)                    
 
  
 
 
111  
( ) ( ) ( ) ( )
( ) ( ) ( )( ) ( ) ( ) ( )( ) ( ) ( )( ) tyxTTShTT
y
txKTT
x
tyK
tyTCputyTCpuyxTCpTCp
PslPgvgslPgSgsggPgEgegg
ingPgggPgegggP
o
g
o
g
o
g
o
ggggg
∆∆∆−−−∆
∆∆+−∆
∆∆=
∆∆−∆∆+∆∆−
2222
2222 ,
εε
ρρρερε
                                                                                                                                       (A.84) 
 
After rearrangement, the discretized gas energy equation becomes: 
 
( ) ( ) ( ) bTaTaTa
SgSEgEPgP
++=                                                                                  (A.85) 
 
Where, 
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( ) ( ) ( ) tyTCpuTtyxShyxTCpb ingPgggPslvgslPogogogog ∆∆+∆∆∆+∆∆= ,214141 ρρε              (A.89) 
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3.) Discretization of solid and liquid energy equation 
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After rearrangement, the discretized solid and liquid energy equation becomes: 
 
( ) ( ) ( ) bTaTaTa SslSEslEPslP ++=                                                                              (A.92) 
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Where, 
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4.) Discretization of water vapour transfer equation  
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After rearrangement, the discretized water vapour transfer equation becomes: 
 
( ) ( ) ( ) baaa SvSEvEPvP ++= ρρρ                                                                              (A.99) 
 
Where, 
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tyDtyuyxa
seffveeffvPgPgP ∆
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( ) tyutyxmyxb invgPovog ∆∆+∆∆∆+∆∆= ,214141 ρρε &                                                   (A.103) 
